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ABSTRACT
A study was performed to analyze different methods of manufacturing a full scale car frame for
the Smart Cities Citycar, a folding electric vehicle being designed at the MIT Media Lab, as well
as a half-scale prototype for testing driving and folding systems. Through looking at two case
studies for similarly sized automobiles as well as analyzing the compatibility of metal casting,
stamping, composite layup, and tube welding, it was resolved that the most effective method of
manufacturing the full scale Citycar frame, in the future, will be through tube hydroforming
because of the optimization of strength, stiffness, and cost.
It is recommended that the planned half-scale prototype be produced using composite layup
techniques as the facilities for heavy machinery operations are not readily available. There will
be a foam mold created on which carbon fiber will be applied to create a strong, stiff, and light
model that is useful for the future of the group in its testing and prototyping.
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Introduction
Smart Cities, an MIT Media Lab group, researches innovative methods of designing and
adopting cities of the future. One of their projects is designing, manufacturing, and implementing
a car sharing infrastructure that utilizes folding cars in order to reduce space taken up by parking.
This lightweight two passenger car, dubbed the "Citycar", features a passenger compartment that
is allowed to slide upwards over the rear drive compartment and wheels, reducing the footprint
of the car to allow three to fit into a standard sized parking space. See Figure 1 for an illustration.
INOW: WIWimn Lurk. Jr
Figure 1: The Citycar rendered in a city environment. Note the folded Citycar has a
much smaller footprint than the unfolded.'
Because of the car's function, its design is not typical. It features a large amount of glass
with an exoskeleton support frame for the passenger compartment. This makes the frame
strangely complex, which does not seem easily made via typical manufacturing techniques. The
production run of the car will also be initially low volume, meaning that typical manufacturing
methods may not be economically feasible. The point of this research is to analyze methods of
manufacturing the exoskeleton structure (see Figure 2), and to decide on a method to use for
constructing a half-scale prototype, which will be used by the group for testing purposes. This
paper will begin by looking at two case studies of cars similar in size to the Citycar, and continue
with a discussion of applicable manufacturing techniques, comparing those conventionally used
for automobile production and relating these techniques to the realization of the Citycar. After a
method is decided upon, an in depth analysis will be performed to define the key decisions and
aspects that must be made in order to create the exoskeleton to acceptably meet specifications
regarding strength, weight, and appearance. As well as designing an optimum manufacturing
technique for the Citycar, the project is intended to also educate the prototyping of a half-scale
frame.
Figure 2: The unibody exoskeleton frame of the Citycar.
Case Studies
It is important to look at current practices in order to obtain a reference point from which to
begin investigation. The case studies intend to look at common methods for manufacturing car
frames and compare them to the needs of the Citycar. The first case study looks at the Smart
Fortwo and the most common technique for manufacturing car frames, metal stamping. The
second case study looks at sprint cars, a niche car type that is small and lightweight, much like
the Citycar, and utilizes a chassis of welded steel tubes, called a space frame. The insight gained
from these case studies should help inform the discussion of techniques to be used for the
Citycar.
Case Study 1: Metal Stamping - Smart Fortwo
The Smart Fortwo is a very small, compact car designed to make city driving more efficient
by reducing the size of the vehicle and increasing gas mileage. Similar to the Citycar, the
Fortwo can be backed perpendicularly into a parallel parking spot, allowing two to be parked in a
2 
.3single spot. At 106 inches long2 , it is almost half the length of the 177 inch long Honda Civic3
The car also seats only two people, and is used frequently as a commuter car. Figure 3 shows the
car in a city environment.
Figure 3: The Smart Fortwo in a city environment. Note the relatively small size
compared to the man walking nearby.
Much like the Citycar, there is no space in front of the Fortwo's passengers for the engine,
so the engine is mounted in the rear of the car. Since there is very little space in front of the
passengers, there is a large concern for safety. As seen in Figure 3 below, the Smart Fortwo
frame is composed of formed aluminum, by stamping, drawing, and/or hydroforming. It also
features a tridion steel safety shell, which refers to the cage-like steel structure that distributes
impact forces to protect the driver. This is vital for this car since it does not have a large crumple
zone such as that seen in other contemporary automobiles.
Figure 3: The Smart Fortwo frame. The frame is composed of formed sheet aluminum
with a tridion steel safety shell.4
Because of the Fortwo's steel frame, it performs very well on safety crash tests. This
frame's technology is promising for the Citycar because the Citycar will also feature a very small
crumple zone. Since the Citycar is being designed for city driving, with operating speeds rarely
over 30 mph, it is less of a concern to have such a well-distributed crash load.5 Nevertheless, it
is still important to fortify the frame in order to protect the passengers should a crash occur.
Thus, it is important to consider material, dimensions, and manufacturing technique, as all will
have an effect on the strength of the final product. While stamping steel and aluminum will be
able to create a frame of equivalent strength to the Fortwo, it will be expensive to create tooling
required to manufacture the parts considering the Citycar will not be produced in such high
quantity. Nevertheless, the process may still produce the best results optimizing strength and
weight. For production of the Citycar frame.
Case Study 2: Welded Steel - Sprint Car
The second case study focuses on the chassis of a sprint car. A sprint car, such as the one in
Figure 4 below, is a small, one passenger racing automobile. They race in circuits and are very
lightweight, weighing 1100 pounds with a driver 6. This car is used as a case study to inform the
Citycar because, though small and compact, the spring car is safe enough to be driven in racing
conditions, and is fashioned by a different yet applicable manufacturing technique than the
manufacturing technique for the Smart Fortwo.
Figure 4: A sprint car at a race track.7
The sprint car chassis can be seen in Figure 5 below. What distinguishes the sprint car
from the Citycar and Smart Fortwo is that there it carries only a single passenger and the engine
is mounted in the front of the car. Since it is a racing car, the aesthetics of the frame are valued
much less than the optimization of its weight, strength, and stiffness. The chassis is constructed
of aircraft grade steel tubes welded together to form a cage to which the rest of the parts of the
car may be attached. This technique creates a very stiff cage for the driver, allowing them to be
protected in the event of a crash.
Figure 5: A sprint car chassis. The chassis is composed of aircraft grade steel tubing
bent and welded in order to form a rigid cage.
Compared to the sheet metal stamping practices of standard cars, the bending and welding of
the steel tubing requires less equipment and lower cost, which is good for these cars that will be
made in limited quantity. Since the Citycar will also be produced in limited quantity, the
adoption of a similar strategy of minimizing resources is desirable. Manufacturing the dies and
buying the machinery for stamping can cost hundreds of thousands of dollars, where the
equipment for bending and welding can cost two orders of magnitude less. This is why the
stamping techniques are used for mass production and bending and welding is used for limited
production. The problem with using a bent and welded steel tube chassis for the Citycar is,
however, the aesthetics. The frame of the Citycar has already been designed, as in Figure 2, and
altering the design for this manufacturing technique is not an option. Therefore, in order to
obtain the desired aesthetic of the Citycar frame, bending and welding steel would be a possible
but exhaustive process.
Manufacturing Techniques
The following section will discuss the different methods and applications of three different
manufacturing techniques that are considered for the production of the Citycar frame. Because
of the aesthetics, bent and welded steel will be disposed of as a possible manufacturing process.
For the production of the Citycar frame, sheet metal stamping is being considered because
although the tooling and equipment may be expensive, it may be the optimal choice if the car is
to go into mass production. Metal casting will be considered, as it is a repeatable method of
manufacturing metals into desired shapes, although it often requires finishing processes in order
to obtain specific tolerances or finish qualities. The final technique that will be considered is
composite layup, an increasingly popular method of producing high strength, light vehicle parts.
Sheet Metal Stamping
Sheet metal stamping is a cold working process that is used for a vast majority of cars today.
This is because once the tooling and machinery is acquired, the process becomes fast, repeatable,
and cheap to operate. Through a variety of techniques, the metal is plastically deformed without
heat, and thus work hardened, increasing its stiffness and yield strength. Some of these
techniques commonly include forming, drawing, and extrusion. Another process that has been
adopted recently is hydroforming, which utilizes high pressure water to form metal against a die.
Car body parts made by stamping are all done without heating the metal. This process
causes the parts to plastically deform and work harden, increasing their strength and stiffness. In
drawing, a male die is created over which a blank of aluminum or steel is forced. This causes the
metal to stretch and take the shape of the die, much like how thermoforming plastic works. In
the same way, as the metal is stretched, the thickness varies greatly depending on the depth it has
been drawn, as can be seen in Figure 6.
Figure 6: A diagram charting the thickness variation in a drawn cylinder. Blue regions
indicate the lowest wall thickness.8
Often in drawing, the metal can even become wrinkled and cracked because the part does
not slide against the die well. This problem is alleviated by using proper lubrication, but the
plastic deformation and variety in thickness is a drawback of the process. Also, many final
shapes require the metal to be pressed between two dies, such as those with cavities and valleys.
This increases cost, and also introduces a challenge of properly aligning the male and female dies
such that the part is formed properly. Any small misalignment will cause the parts to develop
with an even greater variation in wall thickness. These uncertainties in the cold working process
are one of the reasons more reliable methods of forming safe car frames, such as the bent tridion
steel shell of the Smart Fortwo, are employed.
Hydroforming is a relatively new process that is being adopted in many automobile
applications to reduce weight and increase strength. Instead of using a male and female die to
form metal, only one die is used and the other side of the metal blank is subjected to a high water
pressure, such as seen in Figure 7. This forces the metal to form to the die and fill all voids. At
first glance, this may seem like a cheaper way to do the same thing that stamping currently does
since the number of dies required is reduced, but in fact hydroforming solves other problems. By
nature of the hydrostatic pressure that is used to force the metal instead of a unidirectional force
that closes the two dies, the metal is stretched much more uniformly. This greatly reduces the
variation in thickness across the part, which allows the process to be designed to create parts of
the same strength using less metal, resulting in an ultimately lighter part.
Figure 7: An illustration of a hydroforming set-up. A blank of metal is placed on top of
the green die, and the chamber is sealed. Water is pumped in at high pressure and forces
the metal against the die.9
Even though there are advantages to the metal stamping and cold working processes, there
are reasons that this process should not immediately be applied to the production of the Citycar
frame. Once the equipment and dies are properly made and set up, the manufacturing of parts
becomes fast and highly repeatable. Since there is a very high cost to the dies and equipment,
however, this process only makes sense for high volume production. As such, most car parts
such as the side panels, hubcaps, and fuel tanks are made through cold working processes. The
dies for stamping such complex geometries will inherently have to be complex themselves, and
thus expensive. Designing the dies and choosing a proper material thickness will take a large
amount of computation that will also be expensive and partially trial-and-error. Also, since the
Citycar will not launch under high volume production, it is not economically feasible to make the
high capital investment required for cold working processes. It is thus important to consider
other manufacturing techniques optimized for smaller scale production, especially for building
the half-scale prototype.
Metal Casting
One manufacturing process often used for low-volume production is metal casting. Some
methods of metal casting are even viable at higher scale. The reason metal casting is being
considered for production of the Citycar frame is because it can be much less expensive than
cold working techniques. High pressures and forces are not required, and as a result the dies used
do not have to be nearly as strong. One type of metal casting used frequently for car parts such
as the engine and transmission enclosures is sand casting, which made the Mercedes Benz
gearbox enclosure seen in Figure 8.
Figure 8: Sandcast housing for a Mercedes Benz gearbox. Notice the complex shapes
created. Machining is required after casting to accurately create features like bolt holes. 10
In sand casting, a mold is made from a pattern part that is the same shape as the final part.
Sand is used to form a two part mold, called the cope and the drag. Molten metal is poured into
the mold and allowed to harden. Since high pressures are not required to form the metal, the
only additional requirements are that risers be used. These are extra parts of the mold that allow
extra molten metal to flow into the mold as the metal shrinks and hardens. See Figure 9 for a
diagram. The disadvantages of sand casting involve tolerances, surface finish, and material
strength.
runner riser
in gate
sand core
bottom boar
Figure 9: Diagram of a sand casting operation. The molten metal is poured into the
runner, and flows through and fills the riser so the part can be appropriately formed."
The disadvantages of sand casting involved the tolerances and surface finishes achievable,
which are entirely dependent on the fineness of the sand used, and generally are only as high as
±0.03". As a result, finishing process on computer controlled machinery is often required to
produce a part that meets its design requirements. Additionally, sand cast parts cool slowly since
the sand has a relatively high heat capacity. This causes the parts typically to be moderately
ductile and may require heat treatment for stiffening. Also, since the parts cool slowly, it
reduces the speed at which parts can be manufactured. Since the car will initially be produced in
low volume, this is not a critical issue.
Another very common technique for casting metal is die casting. This is very similar to
sand casting, except instead of molten metal being gravity fed into a sand mold, molten metal is
injected at higher pressures into dies made of metal. This process is more easily repeatable than
sand casting, and is also faster. It is much more expensive, however, due to the equipment
required and creation of metal dies. It yields several other advantages than speed as well. Since
the dies are made of metal, they have much better surface finishes, and thus require less post-
processing. Also, since the mold is made of metal, it transfers heat much more quickly, causing
the part to cool faster, resulting in harder, stiffer parts. The process is limited to the materials
that can be used. The molten metal being injected must be of lower temperature than the melting
point of the mold. Nevertheless, die casting is how contemporary engines are made.
Lost-foam casting is another interesting technique that offers some advantages over other
metal casting techniques. In lost-foam casting, a pattern is created from polystyrene foam, which
is extremely easy to shape via machining, hot wire cutting, or injection molding. The pattern is
then coated with a ceramic coating and submerged in non-bonded sand. The molten metal is
poured into the pattern, which vaporizes the foam, filling the cavity left inside the ceramic shell.
The ceramic coating allows the gas to flow out, but does not allow the molted metal to damage
the sand. This process allows very complex geometries to be created, and can be very
inexpensive if the pattern does not require dies to be created. This means that unlike the other
casting and metal forming processes, the entire shell can be made in one piece, meaning no
welding or post machining is necessary. Lost-foam also produces a very good surface finish on
parts. Like sand casting, however, the cooling time will be long, meaning that heat treatment
may be required in order to obtain stiff enough parts. Also, since the Citycar shell is so complex,
it will most likely require a die and injection molding system to create the polystyrene foam
patterns.
Although metal casting is used for a variety of car parts, there are reasons frames are not
frequently cast metal. The metal casting process will produce solid metal parts. In the
automotive industry it is very important to minimize weight while maintaining strength because
energy efficiency of a vehicle is become increasingly important. In the case of the Citycar, the
heavier the car is, the more battery power will be required to drive, reducing the range of a trip.
A half-scale model of the Citycar has been sand cast out of aluminum in the past, and this model,
while being very strong, weighs 110 lbs., and required a large amount of finishing to obtain a
good surface finish. The weight and quality of finish is not desirable, so metal casting may not
be suitable for production of the Citycar Frame.
Composite Layup
Composite materials have been increasingly popular for manufacturing products where
weight, strength, and stiffness are important. Because of their nature, composite materials can be
used to create products that have very special characteristics that are unattainable using classic
materials such as steel and plastic. Kevlar, for example, is used as a material for producing
bulletproof vests because of its high strength and ability to flex in a way that will prevent a bullet
from passing through. Glass fiber technology is used to create boat hulls and many consumer
products because it is light and parts can be made cheaply by the end user with minimal tooling.
Carbon fiber is popularly known for its amazing strength to weight ratio, being three times that
of steel or aluminum. All formula racing cars are built out of carbon fiber, but the high cost
prohibits making high volume automobiles in the same way.
Composite materials are composed of layers of fabric bonded together by a plastic or
rubber-like resin. Since the fabric is constructed of individual fibers of material, being glass,
Kevlar, or carbon, the composite can be constructed in different ways to exhibit special
properties. For unidirectional cloth, when all of the fibers are aligned in a single direction, the
final composite is extremely stiff along the fiber direction, and not stiff along the traverse
direction. As an example, unidirectional composite material from Performance Composites has a
young's modulus of 175GPa in the direction of the fibers, and 8GPa in the traverse direction 2 .
This means that laying multiple layers of cloth in different directions allows the designer to
create a vast range of different mechanical properties for their final product. Instead of getting
unidirectional cloth, bidirectional cloth can also be purchased, which has weaves of fiber in
perpendicular directions. This type of fiber has a young's modulus of about 70 GPa in both
directions, which is about the same as aluminum.
In order to manufacture parts in carbon fiber, a mold must be created on which the
composite materials are laid up. This mold is often polyurethane foam which, like lost-foam, is
easily shaped via machining, hot wire, or injection molding. With reusable molds in wet lay-up,
such as seen in Figure 10, a mold is created, mold release wax is applied, and the composite
layers are subsequently laid up, applying resin between layers until saturated. The resin is
allowed time to cure, and the part is removed from the mold. This process can further be
improved by sealing the entire system and applying a vacuum pressure, causing the composite to
be compressed, reducing the amount of resin in the system and overall strengthening it and
reducing weight. Since this is all done by hand, it is difficult to create a repeatable process,
especially for complex molds where careful preparation of the cloth in appropriate shapes is
necessary to avoid wrinkling and stretching the cloth during layup. As a result, the process can
take a very long time, especially when considering the lengthy time required for the resin to fully
cure.
Figure 10: Wet layup of a carbon fiber part. Notice the extra cloth that will be wasted
after the part is trimmed.13
Another method of carbon fiber layup is dry layup. This technique employs the use of
carbon fiber fabric that has already been impregnated with resin, thus dubbed "prepreg". This
material must be kept at below freezing temperatures prior to layup in order to prevent the resin
from curing prematurely. The advantage, however, is that the perfect amount of resin is applied
to the fabric, optimizing the strength to weight ratio of the composite. Instead of letting the
layup sit and dry to cure, the composite must instead be vacuum sealed and placed in an oven for
several hours. This method increases the manufacturing costs of these parts, but the benefits
mean any performance car parts and formula race car parts are made using this dry layup
technique.
In addition to the expertise and time required to create carbon fiber parts, the material itself
is very expensive. Not only is the process time intensive, it is also time sensitive. If lay-up is
not timed well, the resin may cure before it is applied, or the resin may not even be correctly
prepared in proper proportions. For the Citycar, a permanent internal mold would have to be
used since the geometry is so complex, or an even more sophisticated bladder system would have
to be employed. This means for each frame produced, a mold would have to be made, increasing
the cost likely increasing the variation in dimensions of the final product. Advances in carbon
fiber technology are reducing the cost of creating parts, but for high volume production, the cost
and expertise required to make quality parts remain prohibitive. It is unlikely that this
manufacturing method could be adapted to the Citycar while keeping costs low.
Choosing a Manufacturing Technique for the Full Scale Frame
Deciding between the varieties of manufacturing techniques is a difficult optimization
problem, where strength and stiffness are important, but weight and cost must be minimized as
well. The first production run will not be very large scale, and will be on the order of 1,000 cars.
This means that whatever manufacturing technique is chosen has to be economically feasible for
relatively low volume. The three candidates being considered for this purpose are tube
hydroforming, metal die casting, and carbon fiber layup. The important factors in the process are
initial cost, material cost, operation time, design complexity, weight, stiffness, repeatability, post
processing, and expertise required. The perfect process will have low costs, low complexity, low
weight, high stiffness, high repeatability, low post processing, and low expertise required. Table
1 is a Pugh chart that compares the three processes to the wooden half scale model.
Table 1: Pugh chart comparing the pros and cons of different manufacturing processes for the full scale
Citycar frame. A + symbol indicates better performance, while a indicates poorer performance.
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The cut and glued together wooden model is obviously not an ideal choice for final
production of the Citycar, but provides a realistic basis for comparison of other techniques.
From the Pugh chart, it looks like hydroforming is the technique of choice. The reason
hydroforming performed so well comparatively is because the Citycar frame could be built using
a technique of tube hydroforming. In this technique, instead of sheet metal being pressed into a
die under water pressure, a tube is place in a closed die and the water is pressured inside the tube.
This causes the tube to expand and take the shape of the closed die. This creates a single part,
where alternatively two stamped sheets of metal would need to be welded together. Tube
hydroforming and die casting perform poorly in the equipment cost section, because the
equipment required and tooling cost of creating the dies is expensive compared to the relatively
small amount of equipment needed to lay up carbon fiber and cut foam and wood.
In terms of the final product created, a carbon fiber part is the optimal balance of strength,
stiffness, and weight. By nature of composite materials, it can be designed to be layered and
directed in a precise geometry that optimizes the frame's strength, stiffness, and weight. A study
replacing the outer body except the roof and doors of a Lamborghini Murcielago with carbon
fiber reduces the weight by about 40%. 14 The big downsides to carbon fiber layup, however, are
the material cost, design complexity, operational time, and expertise required. With advances in
composite material technology, the operational time and expertise required to perform the
technique can be reduced and the computation and complexity of the design can be solved, but
the material is still be very costly compared to purchasing tubes of steel. As was discussed in the
case study on sprint cars, the reason steel tubing is used to construct car frames is because it is
easily assembled, is very strong, and is relatively cheap compared to the alternatives. Adding the
extra step and hydroforming the steel, while being costly, would allow the Citycar to maintain its
design aesthetics.
In order to compare the weight and stiffness of the die cast, hydroformed, and carbon fiber
models, a rectangular characteristic cross section can be used to approximate relative weights
and bending stiffnesses, as can be seen in Figure 11. A rectangular cross section was chosen
because the dominant cross-sectional shape of the Citycar frame is rectangular. The dimensions
are an average of the frame dimensions, and the thickness is taken from a readily available stock
thickness for rectangular boxes. For reference, the wall thickness for the steel tubing in sprint
car frames is 0.095". The calculations done will be comparing the solid steel frame to a
hydroformed steel frame and a carbon fiber frame.
0.1875in
2.5in 2.5in
2.2in -A F- 2.2in
Figure 11: Approximated rectangular cross sections of frame features. The solid box on
the left represents a solid steel die cast frame where the hollow box on the right
represents hydroformed steel and carbon fiber frames.
The bending stiffness of a beam is calculated as EI, where E is young's modulus and I is the
area moment of inertia. Between solid steel from die casting and hollow steel from
hydroforming, the only difference in stiffness results from a different moment of inertia, L
Comparing the stiffness of the carbon fiber model will be more difficult, since the geometry and
pattern of the carbon fiber greatly affects it properties. For this calculation, in order to maximize
performance, the carbon fiber will be laid up with unidirectional cloth on the top and bottom to
maximize young's modulus in the bending direction. Since this compromises stiffness in other
directions, especially torsionally, the model can be laid up with bidirectional cloth on the sides,
where the contribution to bending stiffness is minimized, but torsional stiffness can be gained.
Equation 1 below shows the calculation of moment of inertia, I, for rectangular shapes bending
at their neutral axis.
bh 3
=12. (1)
In this equation, b is the width, 2.2 in, and h is the height, 2.5 in. The values used for young's
modulus, E, are 205 GPa for steel, 175 GPa for unidirectional carbon fiber, and 70 GPa for
bidirectional carbon fiber. The ratios relating K, the bending stiffness of the beam for different
methods, can be seen in Figure 12 below.
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Figure 12: Relative stiffnesses of die casting, hydroforming, and carbon fiber
characteristic beams. While the die cast frame will be over twice as stiff, it will be over
three times as heavy.
Figure 12 shows that the die cast frame is the stiffest because it is a solid piece of steel. The
weight of the solid steel frame will be 3.4 times greater than the weight of the box steel frame.
This is not a viable tradeoff, as this difference is over 2000 pounds, which is an enormous
amount of weight for a micro sized car such as the Citycar. While the carbon fiber frame is 79%
as stiff as the hydroformed frame, its weight is 72% less. By increasing the thickness of the
carbon fiber layup from 0.1875" to 0.25", the stiffness of the carbon fiber frame would be
equivalent to that of the hydroformed frame while cutting the relative weight to only 35%. From
these calculations, it can be seen why composite materials are popular in high-end production,
but for high-volume production the cost, time, and expertise required are prohibitive. Saving the
45 pounds on the frame is not cost effective, and thus a tube hydroformed manufacturing
technique should be used for production of the Citycar.
Choosing a Manufacturing Technique for the Half Scale Model
The goal of this thesis is not only to inform the manufacturing of the full-scale Citycar
frame, but also to design the process to build a half-scale model that improves on the two models
that are built from wood and sand cast aluminum. This study has found that tube hydroforming
is the optimal process for full scale production, but will not be economically feasible for a single
half scale prototype. For the half scale, the wooden model was built first, and then used to create
the molds for the sand casting of the aluminum model. The process for producing the wooden
model was very time intensive. The model was cut into slices and the pieces were individually
cut on a 3d surface machine over the span of a month. These pieces were sanded and bonded
together, and then sanded more until an appropriate finish was acquired. This method produced
a sturdy but heavy half-scale model of the Citycar frame that weighs about 40 pounds. In order
to create the sand cast model, the wooden model was cut into parts appropriate for sand cast
molds and sent off to a shop where the sand cast model was created. Upon receiving the sand
cast aluminum parts, the team assembled the model and spent many hours sanding it to obtain a
desirable surface finish. The aluminum model also weighs about 110 pounds.
For the proposed third version of the half-scale model, the group desires a much lighter
model that will be easier to transport and test. The only feasible ways to obtain such a model
would be sheet metal forming by hand or carbon fiber wet layup. The equipment and machinery
required for other techniques is too cost-prohibitive. Sheet metal forming by hand also requires a
large amount of expertise and time investment, as well as welding. Thus, the half scale model
will be designed to be produced via carbon fiber wet layup, which will result in a model
weighing 8 pounds.
Prototyping Test Part
The technique of choice for manufacturing the full scale Citycar is tube hydroforming, but
there are a different set of constraints on the half scale model. The model needs to be light but
stiff, which is why carbon fiber was chosen as the technique for its prototyping. Tube
hydroforming would carry an excessive cost for the creation of the single model. In order to
learn more about the process, a test part, as seen in Figure 13, was designed that would reflect
the design of the Citycar frame. Carbon fiber was laid up in a single layer in order to gain
experience in composite layup and planning, as the specific fabric type and layup procedure are
specific, important processes.
Figure 13: Design for test part modeled after the Citycar frame to practice and gain
experience with carbon fiber layup and design techniques. The part is 8" long and
features curves and intersecting planes common in the design of the Citycar frame.
The part was also designed so that it could be cut out of foam on the 3d surface milling
machine available in the Media Lab machine shop. There is a 10 degree draft angle so that the
carbon fiber can be removed from the mold and it can be reused if desired. The part was cut out
of polystyrene foam on the 3d surface milling machine, and after some sanding, a layer of mold
release wax was applied. The cloth was placed over the mold and an estimated shape was cut
out of the cloth in order to cover the entire form. The epoxy resin system was mixed and a base
coat of epoxy was applied to the mold. After allowing 30 minutes for the resin to gel, the fabric
was laid over the form and more epoxy was applied until all the fabric was saturated. Figure 14
shows the lay up just after epoxy was applied.
Figure 14: Wet layup of carbon fiber test part.
After layup, it was apparent the process could have been improved. Cutting the fabric in
appropriate dimensions is very important, especially in cases where the shape is composed of
intersecting surfaces and curves. As a result, part of the fabric got stretched to the point of being
bare, as can be seen in Figure 15. Also, it was difficult to press the fabric into the inner corner,
causing there to be an air gap between the fabric and the mold.
Figure 15: Section of layup that was stretched and became bare, leaving a hole and weak
point in the composite.
After allowing the epoxy to cure for 24 hours, the excess fabric was trimmed away using a
dremel and the edges were sanded. The frayed carbon fiber was found to splinter easily, and
handling the material without gloves was dangerous. Other complications involved the removal
of the composite from the mold. The mold release wax that was applied was not sufficient
enough to allow the parts to separate, and likely epoxy was allowed to seep into the foam and
form an undesirable bond. Also, the epoxy seeped under the mold when it was intended to only
occupy the sides and top of the mold. This also prevented the mold from easily being released.
This will not be a concern for the final half-scale prototype since the mold is intended to be
permanent and non-removable.
The finished part can be seen in Figure 16. The stiffness is very high for being a single layer
of carbon fiber. From the application of 150 lb., there is not a visible deflection in the part other
than a little bit of flex at the joint where there is an air gap between the mold and composite.
This is substantially stiff for the half-scale prototype since it will not be experiencing high
pressures, deflections, or impacts. A single layer of carbon fiber, however, is substantially less
stiff than steel, for example. For the half-scale prototype, to ensure long-term durability and
accident insurance, multiple layers of carbon fiber will be applied. The test part is also
sufficiently light, weighting about 0.5 lb. Since it was difficult to effectively lay large pieces of
fabric over intersecting bodies, other techniques must be investigated, like the use of multiple,
smaller pieces of fabric or a tape system. Also, from the simple stiffness test, it is apparent that
rigorous design of a unidirectional carbon fiber layup scheme is not required to meet the
requirements of this prototyping project.
Figure 16: The finished part for testing carbon fiber layup technique.
Designing a Technique for the Half-Scale Model
As can be seen in Figure 2 (p.5), the half scale model of the Citycar has not been
designed for a simple process such as injection molding or casting. The complexity of the design
will require a lengthy mold manufacturing process that will not be feasible on a large scale, but
will be manageable on a single-prototype basis. In order to produce a mold using the 3d surface
milling machine in the available shop, a stock foam piece must be selected that fits in the
dimensional constraints of the milling machine, which has a 6-inch maximum depth, but also the
available mills for cutting, which are rarely longer than 3 or 4 inches. 2-inch thick foam is
readily available from many boat supply stores, and thus the car will be sliced into sections that
will be cut from this 2 inch thick foam. Figures 17 and 18 show the cuts and layout of the slices
for cutting on the machine. After being cut, the foam slices will be glued together in the shape of
the Citycar frame and sanded.
Figure 17: The Citycar frame showing the designed cutting planes for creation in 2 inch
thick slices.
Figure 18: The cutting layout for 2 inch thick slices of the Citycar optimized for surface
milling from a stock piece of foam. At least 0.75" are left between all parts so that a 0.5"
tool can easily clear between all parts.
For the carbon fiber layup technique, a different fabric type was chosen from the
prototype test part. Instead of twill weave fabric, which was chosen for its draping ability, an
equally strong tape has been chosen. This will allow the fabric to be more easily formed to the
shape, as well as hold itself to the mold without too much force. The tape will also allow extra
reinforcement of the composite in the joints by simply wrapping an additional layer where the
structure is weakest. As an additional measure, the entire layup will be vacuum sealed after wet
layup is complete to increase the strength of the composite, since the force of atmospheric
pressure will press the layers of fabric together, reducing the chance of interlayer delamination
while expelling excess resin, reducing the total weight. This process will require little post
processing such as trimming and sanding since the tape will already be wound tightly, but if the
Smart Cities group desires to paint the frame silver, for example, only a modest time investment
is required.
Conclusions
Investigation of manufacturing techniques for the Citycar frame showed that for a low-scale
production run, steel tube hydroforming will be the optimal manufacturing method, meeting the
physical requirements of the Citycar frame while being economically feasible. Through
hydroforming, the final car frame can be made as stiff as required without becoming too heavy,
weighing about 400 pounds. A frame that is too heavy would reduce the performance of this
battery powered vehicle greatly. The greatest costs will be the equipment cost because the dies
required to mold the steel will be expensive, but not prohibitively so. While die casting steel
would provide an ultimately stronger frame, the weight was found to be excessive for
employment of the technique. Where creation of the frame using composites may ultimately
yield the best results, maximizing weight, strength, and stiffness, the process is too expensive
and complex to adopt for production of the Citycar. The half scale model will be made of carbon
fiber because the constraints are different from those of the full scale model. It is simply a
prototype, and is required to be light for easy manipulation in the future and strong so that it
survives years of movement, possible accidents, and testing.
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